This paper provides specifications necessary for designing hybrid masonry systems that resist through-bolt push out effects. Hybrid masonry is a relatively new structural system that can be used in seismic areas and comprises masonry panels connected to frames through steel plate connectors. However, masonry break-out at the connection between the steel plates and the masonry panel requires further analysis to better understand the load transfer mechanism of the hybrid masonry system. Therefore, we use a computational framework to model the hybrid masonry that uses a typical plasticity model with hardening for the steel components and a nonlocal two-scalar damage model that accounts for tension and compression for the masonry panel. Based on parametric studies conducted using this framework * Corresponding author. Tel.: +1713 348 4704; fax: +1713 348 5268.
Introduction
This paper establishes a computational framework that facilitates the analysis of through-bolt push out effects on the maximum load taken by hybrid masonry systems. Current codes provide specifications regarding reinforcement requirements and details for masonry structures [1] , but these specifications require further studying to understand the behavior of hybrid masonry systems subjected to through-bolt push out. The primary issue is how to model the masonry panel such that the capabilities of the hybrid masonry system and the damage propagation within the masonry panel are accurately predicted.
Since the masonry panels in the hydrid masonry systems are built of concrete masonry unit blocks, a two scalar nonlocal continuum damage model [2] that treats the masonry wall as a homogenized mixture of mortar, grout and concrete blocks is adopted and the reinforcement is modelled as a separate component. Homogenization techniques for older masonry types (e.g. [3] [4] [5] ) are also available in the literature. Experimental data [6, 7] is used to calibrate and validate the numerical model. Finally, parametric studies of though-bolt push out show that the through-bolt location and the reinforcement percentage and location within the masonry panel are important factors that influence the behavior of hybrid masonry systems.
The behavior of reinfored concrete masonry walls subjected to in-plane loading has long been of interest to researchers and practitioners that were looking into methods for using masonry in seismic regions not only as load bearing components of the structural system, but also as energy dissipating components. Experimental tests and numerical modeling (see [8] [9] [10] [11] and the references therein) show the performance of such walls and provide guidelines to achieve optimal results for in-plane loaded reinforced masonry walls.
Moreover, new technologies such as hybrid masonry have emerged to accommodate for design requirements in moderate to high seismic areas [12] .
The hybrid masonry system consists of a steel or reinforced concrete frame surrounding reinforced masonry panels and connector plates that transfer part of the loading from the frame to the masonry panel ( Figure 1 ). In addition to providing spatial functionality in a building, the panels also enhance the seismic performance. However, as stated by Eidini et al. [13] successful implementation of the hybrid masonry system requires validation of robust steel-masonry interface behavior and global performance of the system.
Connector
Steel frame The reinforced masonry panels are a component of the hybrid masonry system. The masonry breakout failure mechanism at the connection between the masonry panel and the connector is crucial for the overall performance of hybrid masonry systems. This paper focuses on the through-bolt push out effects on the masonry panels, because it has been found that through-bolt location and the reinforcement layout influence significantly the maximum capacity of the panel.
Depending upon how the reinforced masonry panel is constructed, the transmission of loads between frame and wall happens through a variety of mechanisms, corresponding to systems classified as type I, II and III [14] .
The type I hybrid wall allows only for the transfer of horizontal forces, which are transmitted from the beam to the wall through the connectors. The gap between the wall and the frame prevents axial load and in-plane shear at columns to be transferred from the frame to the masonry panel (see Figure 1 ).
The type II hybrid wall is constructed with no gap between the beam and the top of wall and thus, besides the horizontal forces from type I, vertical contact pressures can be transferred from the beam to the wall and additional horizontal forces can be transferred through friction. The type III hybrid wall has no gaps between the frame and the reinforced masonry, which leads to transmission of forces between columns and panels as well.
Experimental tests [6, 7] have shown that type III walls have a less ductile failure mechanism, while type I and type II walls presented failure mechanisms that are appropriate to use in medium and high seismic areas. Since it is of interest to utilize the hybrid masonry systems in medium to high seismic regions and because the experimental data available is for type I, in this paper type I walls are the focus of the investigation.
A computational framework that correctly predicts the capability of the hybrid masonry system and the damage propagation in the masonry panel needs to be established in order to make use of this new technology. The computational framework has to take into account each component of the hybrid masonry system. Modeling the steel components is straightforward and typical steel models are adequate. In contrast, modeling a masonry panel is a challenging task because difficulties arise from the quasi-brittle behavior of concrete hollow blocks that are used for the masonry panels.
Since concrete has very high compressive strength, but very low resistance in tension, size effects, tension softening, tension hardening, tension stiffening, bond-slip, concrete confinement, creep and other non-linear effects have a substantial impact on the structural behavior and need to be accounted for in the simulations of such structures.
In finite element analyses, several approaches are available to model damage in concrete due to tension. In this work a continuum damage mechanics formulation is utilized to capture the damage distribution and propagation in the masonry panel. This approach captures the material degradation due to micro cracking, interfacial de-bonding and other similar defects [15] , along with changes in the microstructure that lead to a degradation of material stiffness observed on the macro scale. A two scalar damage model [2] that accounts for damage in tension and compression is implemented in both local and nonlocal form. The local formulation suffers from damage localization and leads to numerical results that exibit pathological sensitivity to the mesh size. To overcome these difficulties the nonlocal formulation is adopted. Recently, a new model [16] based on the same original model from Mazars [17] was proposed to forecast the behavior of concrete under severe loadings and to capture unilateral effects. Its new features are not relevant for the loading scenarios simulated here that are captured well by the previous models, therefore it was not adopted in this work.
The rest of the paper is organized as follows: Section 2 describes the experimental setup, introduces the numerical model and the procedure to calibrate its parameters, and compares the numerical results against experimental data; Section 3 presents results from the parametric studies conducted to assess the influence of reinforcement and of the through-bolt location on the behavior of the hybrid masonry system; and Section 4 summarizes the findings.
Modeling of the hybrid masonry system
The experimental data used for the calibration of the damage model was obtained in experiments conducted at the University of Hawaii at Manoa (UHM), whose aim was to study the through-bolt push out effects [6, 7] . The experiments at UHM were part of a larger research project, which also in- The walls were tested twice. In the first test (test 1), the through-bolt connecting the masonry panel to the conector plates is positioned in the second cell 12 in. (300 mm) from the edge of the masonry panel and displacement control loading is applied on the beam of the frame. Since the bolt is located close to the edge, it is assumed that only half of the wall is damaged and therefore another test was performed on the undamaged half.
In the second test (test 2) the through-bolt is located in the third cell 20 in.
(500 mm) from the edge. Monotonic load-displacement curves are available for each of the walls, where the load represents the horizontal force taken by the masonry panel and displacement is the measured relative displacement of the through-bolt to the wall.
The experimental tests [6, 7] showed that the through-bolt should be lo- Since the computational model is simplified to the reinforced masonry panel, the only steel components that need to be modeled are the reinforcement bars. The two-dimensional frame element based on elasto-plastic model available in FEAP is used for modeling the reinforcement steel bars.
The yield function for the elasto-plastic model is [18] :
where β s is a delay constant that controls the speed at which the material transitions from elasticity to plasticity, H iso is the isotropic hardening modulus, H kin is the kinematic hardening modulus, σ Y 0 is the yield stress, σ Y ∞ is the ultimate stress, ε P is the plastic strain and σ dev is the deviatoric stress.
The infinitesimal plastic strain increment is found from the flow rule:
whereγ is the plastic consistency parameter rate (γ = 0 for elastic behavior andγ > 0 for plastic behavior). A two scalar damage model [2, 17, 19] in nonlocal two-dimensional form with plane stress assumption is adopted to model the masonry. The model is designed to capture damage of brittle materials (in a continuum damage approach) in both tension and compression, with model parameters that are designed to provide a homogenized description of what is in reality a process in a composite material. The constitutive law is written in the form:
where σ is the stress, ε the strain, D is the elastic material stiffness tensor, and ω is the damage variable. When the material is totally damaged ω = 1, while for the undamaged state ω = 0.
The responses from tension and compression are coupled by the two scalar damage model. The total damage coefficient ω is defined as the weighted average of the damage coefficients for tension (ω t ) and compression (ω c ):
where weights α t and α c are functions of the principal strains ε I = ε ci + ε ti :
The strain due to positive stress is ε ti , while ε ci is the strain due to negative stress,ε is the equivalent strain, β is a factor that is used to reduce the effect of damage under shear force, and the parameter H i is equal to 1 when ε I ≥ 0 and equal to 0 otherwise.
The equivalent strain is defined as:
where ε I , I = 1,2,3 are the principal strains, and the brackets < · > denote the positive part of the quantity.
The damage coefficient for compression ω c has the form given in the original model [17] :
while to better capture the behavior of masonry in tension [20] the damage coefficient for tension ω t is evaluated as:
where κ is the largest equivalent strain obtained in the history of loading, ε 0 is the initial damage threshold and ε f is a parameter controlling the post-peak slope (the softening branch) of the stress-strain curve for uniaxial tension.
The remaining parameters A c and B c are parameters that have no direct physical meaning.
The resulting computational model for masonry requires calibration of all parameters for it to have predictive capabilities. Ideally, a variety of experimental tests provide the data necessary to calibrate the parameters in damage models. Unfortunately, only limited experimental data is available in general, making the parameter calibration a challenging process. The eight parameters that need to be calibrated are E m (modulus of elasticity for masonry), ε 0 (initial damage threshold), ν (Poisson's ratio), ε f , A c , B c , β, l R (characteristic length). They interact in complex ways and influence the global response.
In this paper parameters E m , ν, ε 0 , ε f , A c , B c , β and l R are calibrated to capture the average behavior of the full-system experimentally tested (see short description of the experimental data at the beginning of this section).
For average values of the concrete masonry blocks, grout and mortar the reader is referred to the experimental data available in [6] . The number of parameters that require calibration is reduced via constraints imposed on the constitutive behavior. One relationship can be determined between A c , B c and ε 0 by requiring that the uniaxial compressive stress-strain curve has a continuous variation of slope [21] :
and another relationship by ensuring that the same stress-strain curve has a round and convex peak: Table 2 shows the calibrated values for the "local" parameters of the two scalar damage model. All walls are modeled using these parameters. The only parameter that varies from wall to wall and from test 1 (bolt located 300 mm from wall edge) to test 2 (bolt located 500 mm from wall adge) is the characteristic length l R , i.e., the size of the nonlocal domain, which is found to depend on the location of the through-bolt and on the reinforcement distribution.
The three walls among the ones experimentally tested [6, 7] chosen to The location of the through-bolt where the load is applied is an important factor when choosing the l R value. The area that contributes to the nonlocal algorithm increases as the distance from the edges to the throughbolt increases. Also, when the horizontal reinforcement is distributed in the masonry wall, the area contributing to the nonlocal formulation decreases because the vertical and the horizontal reinforcement create a grid with bars acting as edges of the nonlocal domain of influence.
From the calibration process the characteristic length is determined first for the walls in test 1. For wall W1 that has only one horizontal reinforcement in the top course, the characteristic length is found to be l R = 0.065 m. In the case of wall W2 that has two horizontal reinforcement bars both located in the second course from top, the distance from the through-bolt to the top edge increased compared to that in wall W1 and the characteristic length The good agreement between the experimental data and the simulation results make the calibrated model a useful tool for further simulations. In what follows the authors of this paper discuss various findings based on parametric studies performed with this model.
Parametric studies
In the previous section the nonlocal damage model is calibrated. Once the computational framework is set and the model can capture accurately the capablities of the masonry panel, it is of interest to conduct additional parametric studies that are designed to provide information necessary to assess the performance of hybrid masonry systems when subjected to through-bolt push out. Based on the results of the parametric studies recommendations for the through-bolt location and reinforcement percentage and layout are provided.
The walls chosen for the parametric studies use the reinforcement layouts described in Table 3 . In each simulation the through-bolt location and the diameters of the vertical and horizontal reinforcement bars vary. The through-bolt is located either in the second cell (300 mm) or in the third cell (500 mm) from the edge of the masonry panel and we refer to test 1 when the through-bolt is located in the second cell and test 2 when the throughbolt is in the third cell. The vertical and horizontal reinforcement diameters are varied between #5 (M#16) and #11 (M#36) by specifying two bar diameters, one for all vertical bars, and one for all horizontal bars. The diameter range considered is consistent with specifications for masonry walls in medium seismic regions [1] .
To quantify the contribution of reinforcement on the capacity of the masonry panel, the three walls considered were first tested without reinforcement, then only with vertical reinforcement, and finally only with horizontal reinforcement. The results were compared to their initial configuration that has both vertical and horizontal bars with dimensions given in Table 3 . The maximum horizontal force taken by the masonry for each of the walls in all cases is shown in Figure 5 . As expected, the unreinforced walls had the lowest capacity. Adding only vertical reinforcement to the walls did not bring an increase in the maximum capacity. The walls with only horizontal reinforcement had a significant improvement in the maximum capacity when compared with the previous two cases. The best results are achieved when both horizontal and vertical bars are used and a reinforcing grid is created.
These results are in agreement with findings by Haach et al. [11] and by Tomazevic [22] , which point out that the vertical reinforcement does not contribute to the shear resistance of the walls unless confined by horizontal reinforcement. The influence of vertical reinforcement diameter and of horizontal reinforcement diameter are analyzed next.
Parametric studies show that for a given wall configuration and for any Analyzing the influence of the horizontal reinforcement diameter, it is found that although the horizontal reinforcement with minimum diameter brings a significant improvement in the maximum capacity of the wall when compared to the unreinforced wall, increasing the diameter has a contribution on the maximum capacity that saturates rapidly. This rapid saturation suggests that the limitation of the reinforcement diameter to #11 (M#36) that is arbitrarily chosen in MSJC [1] is justified. For example, in Figure 7 corresponding to walls in test 1, the lowest values for the maximum force for each of the walls belong to the unreinforced walls. The other values represent the maximum force for each of the walls when the vertical and the horizontal reinforcement diameters are varied. There is an important jump in the maximum force from unreinforced walls to the reinforced walls followed by a rapid saturation. With this numerical study we confirm previous experimental results [23] , which indicate that distributed reinforcement bars with smaller diameter provide better performance than fewer bars with a larger diameter. Also, the location of the through-bolt where the load is applied has proven to have significant influence on the resistance of the masonry panel. As discussed by Robertson et al. [24] the through-bolt should be located below the hor-izontal reinforcement in the bond beam. If this condition is not satisfied, damage localizes in a narrower area above the bond beam thereby reducing the capacity and the dissipated energy of the masonry panel. When the load is applied closer to an edge, the resistance is much smaller. Comparing the maximum force from the parametric studies in test 1 and test 2 confirms the results obtained experimentally and reported in [6, 7] . It is found that the maximum capacity when the load is applied in the third cell from the wall edge is 25% to 65% higher than in the case when it is applied in the second cell, depending also on the course in which it is located (i.e., when located in the second course from top the maximum capacity is higher than when applied in the top course). Thus, as the through-bolt is located farther from the wall edges, the maximum capacity increases.
Conclusions
This paper provides useful recommendations for the reinforcement layout and the location of the connectors in order to achieve optimal results for the global response of the hybrid masonry system.
We establish a computational framework to simulate the behavior of the hybrid masonry. In this framework we model the masonry panel via a two scalar nonlocal damage model. We demonstrate that all local parameters can be calibrated and additionally we correlate the nonlocal parameter l R with the location of the through-bolt (where load is applied) and with the reinforcement layout.
Parametric studies on the reinforcement diameters and layout show that the configuration and spacing of the reinforcement bars together with the location where the load is applied strongly influence the capacity of the masonry panel. As mentioned in MSJC [1] we found that the masonry panels with more distributed bars that have smaller diameter perform better than the ones that have fewer bars with larger diameters. The vertical reinforcement on its own does not contribute much to the overall response, but combined with the horizontal reinforcement it increases the capacity of the wall with more than 50%. The horizontal reinforcement with minimum diameter brings a significant contribution to the capacity of the masonry panel, but the contribution saturates rapidly as the diameter is increased, indicating that using reinforcement bars with large diameters cannot efficiently increase the level of forces resisted by the masonry panel. The maximum force taken by the masonry panel increases when the through-bolt is located farther away from the edge of the panel.
Finally, we conclude that the through-bolt push out effects on the behavior of hybrid masonry systems are controled by the through-bolt location and by the reinforcement percentage and layout in the masonry panel.
